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Abstract 
Purpose Extracellular Fe(III) reduction plays an important role in a variety of biogeochemical processes. Several 
mechanisms for microbial Fe(III) reduction in pH-neutral environments have been proposed, but pathways of 
microbial Fe(III) reduction within alkaline conditions have not been clearly identified. Alkaline soils are vastly 
distributed thus a better understanding of microbial Fe(III) reduction under alkaline conditions is of significance. 
The purpose of this study is to explore the dominant mechanism of bacterial iron reduction in alkaline 
environments. 
Materials and methods We used antraquinone-2,6-disulfonate (AQDS) as a representative of quinone moities of 
humic substances and elemental sulfur and sulfate as sulfur species to investigate the potential role of humic 
substances and sulfur species in mediating microbial Fe(III) reduction in alkaline environments. We carried out 
thermodynamic calculations to predict the ability of bacteria to reduce Fe(III) (oxyhydr)oxides under alkaline 
conditions and the ability of AQDS and sulfur species to serve as electron acceptors for microbial anaerobic 
respiration in an assumed alkaline soil environments. A series of incubation experiments with two model 
dissimilatory metal reducing bacteria, Shewanella oneidensis MR-1 and Geobacter sulfurreducens PCA as well 
as mixed bacteria enriched from a soil were performed to confirm the contribution of AQDS and sulfur species 
to Fe(III) reduction under alkaline conditions. 
Results and discussion Based on thermodynamic calculations, we predicted that, under alkaline conditions the 
enzymatic reduction of Fe(III) (oxyhydr)oxides would be thermodynamically feasible but very weak. In our 
incubation experiments, the reduction of ferrihydrite by anaerobic cultures of Shewanella oneidensis MR-1, 
Geobacter sulfurreducens PCA or microbes enriched from a soil was significantly increased in the presence of S0 
or AQDS. Notably, AQDS contributed more to promoting Fe(III) reduction as a soluble electron shuttle than S0 
did under the alkaline conditions probably because of different mechanisms of microbial utilization of AQDS 
and S0. 
Conclusions These results suggest that microbial reduction of Fe(III) (oxyhydr)oxides under alkaline conditions 
may proceed via a pathway mediated by electron shuttles such as AQDS and S0. Considering the high ability of 
electron shuttling and vast distribution of humic substances, we suggest that humic substances-mediated Fe(III) 
reduction may potentially be the dominant mechanism for Fe(III) reduction in alkaline environments. 
 
Keywords  Alkaline conditions • AQDS and sulfur • Electron shuttles • Humic substances • Microbial Fe(III) 
reduction • Usable thermodynamic energy  
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1 Introduction 
Dissimilatory reduction of Fe(III) (oxyhydr)oxides, one of the most predominant terminal electron acceptors of 
extracellular respiration, is of significance in various biogeochemical processes, including cycling of elements 
like carbon and nitrogen (Bickle 2009; Ding et al. 2014), and biomineralization and decomposition of minerals 
(Köhler et al. 2013). Dissimilatory iron-reducing bacteria can reduce various substrates to support their growth, 
but their ability to metabolize a certain substrate is controlled by the thermodynamic energy available from the 
metabolic reaction (Nealson et al. 2002). The thermodynamic energy for microorganisms depends on the 
standard Gibbs formation energy and activities of the substrates and products (Bethke et al. 2011). Microbial 
reduction of Fe(III) (oxyhydr)oxides such as ferrihydrite and goethite in acid-neutral (pH = 4-7) environments is 
usually feasible because of enough usable energy, but it is less thermodynamically favorable under alkaline 
conditions because proton activity at alkaline pH is very weak to drive forward the reactions (Flynn et al. 2014). 
The distribution of alkaline (pH > 7.0) soils (38.23 million hm2) is vast, accounting for 25.7 % of the total 
terrestrial area in the world (Malcolm and Sumne 1998). Alkaline soils are widely distributed in China (4.49 
million hm2) as well, accounting for 46.8 % of the total terrestrial area of China (IGBP-DIS 1998). The 
investigation of the mechanism for Fe(III) reduction under alkaline conditions is therefore important., Microbial 
Fe(III) (oxyhydr)oxide reduction has been observed in some alkaline environments such as soils, sediments, 
groundwater and lakes (Zavarzina et al. 2006; Burke et al. 2012; Thorpe et al. 2012; Chao et al. 2014), but the 
mechanism has not been clearly identified. Elemental sulfur (S0) was reported to be an electron shuttle to 
expedite goethite reduction by Shewanella oneidensis MR-1 at pH 9.0 and this S0-mediated electron transfer 
pathway was postulated to be an important mechanism for iron reduction under alkaline conditions with a 
relatively high S0 level (Flynn et al. 2014). However, the concentration and activity of S0 are very low (usually 
below detection limit) in some natural environments, especially in soils. The function of S0 to mediate Fe(III) 
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reduction is likely to be limited in alkaline soils (Nealson 1997). It is likely that there are other compounds that 
promote iron reduction under alkaline conditions. 
Humic substances are ubiquitous and rich in terrestrial environments, with concentrations ranging from 0.1 mg 
C/kg to several hundreds of mg C/kg (Aiken et al. 1985). It has been widely accepted that humic substances 
could act as electron shuttles to facilitate microbial Fe(III) oxide reduction at near-neutral environments (Klüpfel 
et al. 2014). Quinone moieties, represented by anthraquinone-2,6-disulfonate (AQDS), are recognized in humic 
substances as redox-active units that transfer electrons between microorganisms and Fe(III) (oxyhydr)oxides 
(Scott et al. 1998; Straub and Schink 2003). A vast number of dissimilatory iron reducing bacteria have been 
identified in soil environments (Wang et al. 2009; Yuan et al. 2016), and almost all microorganisms capable of 
reducing Fe(III) can also reduce humic substances (including AQDS) (Lovley et al. 1999). It was found that 
humic substances including AQDS promoted the reduction of Fe(III) (oxyhydr)oxides driven by alkaliphilic 
bacteria isolated from extreme environments (pH 10.0 microbial fuel cells) and in uranium-contaminated 
sediments of pH 10.0-10.5 (Ma et al. 2012; Wu et al. 2013; Williamson et al. 2014). The alkaliphilic bacteria 
could not represent microorganisms in natural soils and it is still ambiguous whether humic substance-mediated 
Fe(III) reduction is pervasive by common microorganisms in alkaline soils. It seemed that both humic substances 
and S0 could mediate iron reduction in alkaline soil environments. However which one is the predominant 
mediator is unknown.  
This study aimed to investigate the main mechanism of Fe(III) (oxyhydr)oxide reduction under alkaline 
conditions. We used AQDS as a representative of quinone moieties and elemental sulfur and sulfate as sulfur 
species. We first predicted the potential ability of AQDS and sulfur species to serve as electron acceptors for 
microbial anaerobic respiration in an assumed alkaline soil environment through thermodynamic calculation. To 
confirm the contribution of AQDS and sulfur species to Fe(III) reduction in alkaline soil environments, we 
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performed a series of incubation experiments with two model dissimilatory metal reducing bacteria, Shewanella 
oneidensis MR-1 and Geobacter sulfurreducens PCA as well as mixed bacteria enriched from soil. 
 
2 Materials and methods 
2.1 Thermodynamic calculation 
We calculated the energy liberated from a series of redox reactions (Table 1) occurring in an anoxic 
electron-donor-limited environment ∆Gr using Eq. (1): 
∆Gr = ∆Gr0 + RTlnQ   (1) 
Where ∆Gr0 is the standard Gibbs free energy change of the reaction and R stands for the gas constant which 
equals to 8.314 J/mol and T denotes absolute temperature (298.15 Kelvin), respectively. Q represents the ion 
activity product computed from Eq. (2): 
Q = 
 П𝑎𝑝
𝑣𝑝
П𝑎𝑠𝑣𝑠
   (2) 
Where ap and as are the activities of the products and substrates; vp and νs denote their stoichiometric coefficients. 
We assumed the anoxic environment at 298.15 K in the pH range of 4-10 consisting of ferrihydrite (Fe(OH)3), 
goethite (α-FeOOH), elemental sulfur (S0) in solid state, and constant concentrations of 1 mM SO42-, HCO3-, 1 
μM Fe2+, HS-, AQDS and AH2QDS (reduced AQDS); and 1 μM either acetate (CH3COO-) or formate (CHOO-) 
as an electron donor. 
The activity values of the aqueous species involving in the reaction we used in the calculations were set to 
concentrations of ions. We defined the values of activities of solids and water as 1 (Donald 1997). We considered 
only the activities of the dominant species in the calculations, e.g., HCO3- and HS- dominate over CO2 (aq) and 
H2S (aq) respectively in the pH range of 4-10. Although the values of activities would be lower than values of 
molar concentrations, the difference of using values of activities or concentrations would not influence the trend 
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of the data distribution significantly. 
When a microbe respires through a certain metabolic pathway, it captures a portion of energy liberated from the 
reaction by synthesis of adenosine triphosphate (ATP) to maintain its own growth (including cellular matter 
synthesis, motility, ion transport and other metabolic processes) which is named “maintenance energy” (Thauer 
et al. 1977). The remaining part of energy liberated, called usable energy ∆GU, is utilized by microorganisms to 
drive forward the catalytic reaction which can be computed according to Eq. (3) (Jin and Bethke 2009): 
∆GU = - ∆Gr - m∆GP  (3) 
Where ∆GP represents the free energy change of ATP synthesis, which is equal to 45 kJ per mole of ATP under 
environmental conditions (Thauer et al. 1977). The value of m is the number of ATP created per turnover of the 
redox reaction. In this case, we used 1.25 for iron reducers, 1 for sulfate and 2.67 for sulfur reducers for 8 
electron transfer reaction in accordance with previous reports (Schauder and Kröger 1993; Bethke et al. 2011; 
Rabus et al. 2013). As for AQDS reducers, no reported value of m is available. Since the value of m is associated 
with the respiration chain and the extracellular respiration of Fe(III) and AQDS applies similar electron transfer 
pathways, we assign to m for AQDS reducers with 1.25, the value of m of Fe(III) reducers (Jin and Bethke 2005; 
Lies et al. 2005; Voordeckers et al. 2010). 
The redox reactions will run in order of the thermodynamic ladder controlled by the values of ∆GU. That is, the 
higher ∆GU of the reaction, the more likely the reaction is to happen. A ∆GU value below zero means there is not 
enough energy released from the reaction to support the growth of microorganisms, thus this reaction would not 
be catalyzed by microorganisms. 
 
2.2 Preculture of bacteria and soil 
Shewanella oneidensis MR-1 (ATCC 70050) was from our laboratory stock; Geobacter sulfurreducens PCA 
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(ATCC 51573) was obtained from the Institute of Urban Environment, Chinese Academy of Sciences. S. 
oneidensis was grown anaerobically in Luria-Bertani medium (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, 
pH 7.0) at 30 °C in the dark; G. sulfurreducens was grown anaerobically in NBAF medium (Coppi et al. 2001) 
(pH = 7.0) at 30 °C in the dark for preculture of bacteria. S. oneidensis MR-1 and G. sulfurreducens PCA were 
chosen because these two strains are among the best-characterized iron-reducing bacteria, extracellular 
respiration of which have been investigated enzymatically and genetically. S. oneidensis MR-1 was originally 
isolated from an alkaline lake (pH = 9.1) and showed similar growth under neutral and alkaline pH ranges 
(6.5-6.9 and 8.5-9.0) (Tang et al. 2006). The optimum pH for growth of G. sulfurreducens PCA is not known and 
it is usually cultured at neutral pH. Here we used these two strains to investigate and compare the differed 
strategies they take when reducing Fe(III) at differed pHs. 
Samples of paddy soil (0-20 cm depth) were collected from Enshi, Hubei province, China (30°16' N, 109°46' E). 
Soil samples were air-dried (plant litter including leaves, stems and roots were picked out), passed through a 2.0 
mm sieve and stored in the dark before use. Soil (10 g) was inoculated into a sterilized 125 mL serum vial 
containing 100 mL LB medium (pH = 7.0), flushed with oxygen-free N2 for 45 min and sealed with butyl rubber 
stoppers. The soil-medium mixture was cultured in an incubator at 30 °C in the dark for 24 h for preculture of 
bacteria. 
 
2.3 Ferrihydrite synthesis 
Ferrihydrite was synthesized through the addition of NaOH to FeCl3 solution according to the method published 
by Schwertmann and Cornell (2000). The synthesised ferrihydrite was rinsed 5 times with deionized water, 
freeze-dried, ground using a mortar and pestle and sieved to < 75 µm. Ferrihydrite was kept at 4 °C to reduce the 
rate of spontaneous transformation to goethite. Ferrihydrite was used in this experiment within one month after 
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synthesis. We chose ferrihydrite as the representative of Fe(III) minerals because of its predominance in the 
anaerobic soil environment, especially in paddy fields (Wang et al. 1993). 
 
2.4 Batch Incubation Experiment 
Each incubation bioreactor was set up in a 125 mL serum bottle with 100 mL medium containing 1 mM formate 
for S. oneidensis or 1 mM acetate for G. sulfurreducens and mixed microbes from a soil as electron donors 
respectively. Six treatments were established for mixed microbes from a soil: (1) ferrihydrite only (Fe); 
(2) ferrihydrite and S0 (Fe+S0); 
(3) ferrihydrite and AQDS (Fe+AQDS); 
(4) ferrihydrite and S0 and AQDS (Fe+S0+AQDS); 
(5) ferrihydrite and Na2SO4 (Fe+SO42-); 
(6) ferrihydrite and Na2SO4 and AQDS (Fe+SO42-+AQDS). 
Given that S. oneidensis and G. sulfurreducens cannot metabolize sulfate, only treatments (1-4) were set up for S. 
oneidensis and G. sulfurreducens. The final concentration of ferrihydrite (solid), S0 (solid) and Na2SO4 (aqueous) 
was 10 mM and AQDS (aqueous) was 0.1 mM as high concentration (10 mM) of AQDS can potentially harm 
microorganisms (Nevin and Lovley 2000). 
The pH of the medium was adjusted to 6.8 or 9.0 with 30 mM bis-tris propane (BTP, with pKa values of 6.8 and 
9.0 (Lide 2012)) for near neutral and alkaline conditions respectively according to previous researches (Flynn et 
al. 2014). The serum bottles capped with butyl rubber stoppers were flushed with oxygen-free nitrogen for 45 
min and then autoclaved at 114 °C (S0 has a melting point at 117 °C) for 30 min before bacteria inoculation. 
Late-log-phase cells of S. oneidensis MR-1, G. sulfurreducens PCA and mixed microbes enriched from a soil 
were separately collected from preculture through centrifugation at 8000 rpm for 10 min. Cells were 
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anaerobically washed using sterilized anaerobic buffer solution of BTP (30 mM, pH 6.8 or 9.0) for three times 
and concentrated to a volume of ~20 mL. One mL cell suspension was anaerobically added to a bioreactor to 
give a final OD600 of ∼0.5 (5×10^8 cells/mL) separately. The bioreactors were placed in an incubator at 30 °C in 
the dark and agitated at 130 rpm. 121 °C heat-killed and uninoculated controls were set up and all the batch 
incubations were performed in triplicate. The pH of the medium was measured in the bioreactors at day 1 and 
day 9 in the pre-experiment. The actual pH of all near neutral/alkaline treatments in the bioreactors at day 9 was 
maintained in the range of 6.8-7.0/8.5-8.8. 
 
2.5 Measurement of total Fe(II) 
Total Fe(II) in the bioreactors was measured through ferrozine assay at day 0, 1, 2, 3, 6 and 9 during the 
incubation (Stookey 1970). Each bioreactor was shaken by hand to homogenize the media in the nitrogen-purged 
anoxic glove box. A sample (0.3 mL) of solid-liquid mixture was taken out from the bioreactor with a syringe, 
and 0.2 mL of the subsample was immediately transferred to an anoxic tube containing 6 M HCl with pipette. 
After dissolution of the iron minerals for 24 h in the anoxic capped tubes, samples were centrifuged at 8000 rpm 
for 3 minute and the supernatants were passed through a 0.22 μm filter each. A 0.2 mL filtered supernatant was 
then added to 3.8 mL 0.5 g/L ferrozine reagent (buffered to pH 7.0 with 50 mM HEPES). The absorbance at 562 
nm was determined on a spectrophotometer. 
 
3 Results and discussion 
3.1 Thermodynamic calculation 
We introduced an index of ∆GU, the potential usable energy liberated from redox reactions, to estimate the 
feasibility of corresponding microbial reduction of Fe(III) (oxyhydr)oxides, sulfur and AQDS with either acetate 
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or formate as an electron donor across a range of pH in a hypothesized anoxic soil environment. The enzymatic 
reduction of ferrihydrite and goethite using either electron donor would generate less energy as the pH increases 
(Fig. 1). Iron reduction with formate or acetate as an electron donor is strongly favored by acidic conditions 
because 16 or 15 H+ are consumed during reduction of 8 Fe(III) to 8 Fe(II) (formula 1, 2, 6, 7 in Table 1). These 
models predict that there is little energy to drive forward the microbial reduction of goethite above pH 7.0, or 
ferrihydrite above pH 9.0 (Fig. 1). Of the common Fe(III) containing minerals in the natural environment, 
ferrihydrite reduction yields the highest energy (Majzlan et al. 2004). Even so, very little energy can be captured 
from its reduction to support growth of microorganisms at highly alkaline conditions. In contrast to iron 
reduction, AQDS (formula 5, 10 in Table 1) and sulfate reducers (formula 4, 9 in Table 1) acquire similar, 
although relatively low, usable energy across the almost entire pH range of 4-10 tested in the hypothesized 
anoxic soil environment (Fig. 1), which means enzymatic reduction of AQDS and sulfate would not be 
influenced much by pH. More usable energy (∆GU) can be obtained by sulfur reducers at high pH through the 
proton-producing reactions (formula 3, 8 in Table 1). 
 
3.2 Ferrihydrite reduction by model dissimilatory metal reducing bacteria 
The amount of Fe2+ produced by S. oneidensis and G. sulfurreducens under alkaline conditions (pH = 8.5-8.8 
during 9 day incubation) was about 2 and 4.5 folds higher  in bioreactors containing ferrihydrite and AQDS 
compared with ferrihydrite-only bioreactors at day 9 (Fig. 2A and Fig. 2C), indicating that AQDS improved iron 
reduction for both microorganisms. The rate of Fe2+ production in the presence of AQDS at pH = 9.0 was 
dramatically promoted, most likely because of the electron shuttling via cycling between AQDS and its reducing 
product AH2QDS. Fe2+ was produced from the chemical reduction of ferrihydrite by AH2QDS (Fig. 3). Though 
enzymatic reduction of ferrihydrite and AQDS yields similar thermodynamic energy at pH 9.0 (Fig. 1), 
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AQDS-mediated ferrihydrite reduction might proceed much faster than direct microbial reduction of ferrihydrite. 
It was reported that microbial reduction of humic substances and chemical reduction of ferrihydrite by 
microbially reduced humic substances were at least 27 and 7 times faster than direct microbial reduction of 
ferrihydrite at neutral pH (Jiang and Kappler 2008). 
Addition of S0 to cultures of S. oneidensis and G. sulfurreducens under alkaline conditions produced 1.7 and 1.8 
folds higher amount of Fe2+ than ferrihydrite-only treatments, suggesting that the presence of S0 also enhanced 
ferrihydrite reduction (Fig. 2A and Fig. 2C), in agreement with the report of Flynn et al. (2014). The iron 
reduction with S0 addition was likely the result of abiotic reduction of ferrihydrite by sulfide produced from the 
enzymatic reduction of S0 as a black suspension was observed in the medium which was likely to be FeS 
according to early reports (Fig. 3) (Lohmayer et al. 2014). The formation of FeS may decrease free Fe2+ level in 
the solution, hence driving forward Fe(III) reduction (Flynn et al. 2014). 
The final Fe2+ concentration in Fe+AQDS bioreactors was 0.1 mM higher than that in the Fe+S0 bioreactors in S. 
oneidensis incubation and approximately three times higher than that in G. sulfurreducens incubation at pH 9.0 
(Fig. 2A and Fig. 2C). These results suggest that AQDS plays a more important role in mediating iron reduction 
than sulfur in alkaline environments. The difference of Fe2+ production in Fe+S0 bioreactors between the two 
bacteria species was likely because of their efficiency at metabolizing S0 and utilization of different electron 
donors (Jr et al. 1994; Moser and Nealson 1996). The different contribution between AQDS and S0 to the 
improvement of Fe(III) reduction may be because of different mechanisms of microbial utilization of AQDS and 
S0. The reduction of AQDS seems to occur on the outer membrane of cells according to most previous studies 
though there are still controversies on the mechanism of microbial AQDS reduction (Piepenbrock and Kappler 
2013). AQDS is highly soluble and has a fast diffusion rate and cycling speed (Arnold et al. 1986). Microbial 
sulfur respiration occurs on the cytoplasmatic membrane predominately via the soluble intermediate of 
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polysulfide (Sn2-), which is chemically formed by the reaction of insoluble sulfur (S0) and sulfide (Schauder and 
Kröger 1993). Due to the poor solubility of elemental sulfur (5 μg/L at 25 °C) (Boulegue 1973) and evidence that 
S. oneidensis S0 reduction does not occur through direct contact with the insoluble form (Moser and Nealson 
1996), direct microbial S0 reduction is limited. In alkaline cultures supplemented with sulfur as an electron 
acceptor some of the available soluble sulfur must first be reduced to sulfide and then combine with more sulfur 
to form polysulfide (Ma and Adams 1993). The gradually elevating enzymatic reduction of S0, or more properly, 
Sn2-, therefore may be relatively slower than the reduction of AQDS. In addition, Fe2+ would combine with HS- 
to form FeS, competing available HS- for polysulfide formation (Saalfield and Bostick 2009). All in all, AQDS 
reduction has kinetic advantages compared to S0 reduction under environmental alkaline conditions and is 
therefore more likely to participate in the microbial reduction of Fe(III) (oxyhydr)oxides. 
The amount of Fe2+ produced in Fe+AQDS bioreactors was comparable to that in Fe+AQDS+S0 bioreactors 
inoculated with S. oneidensis or G. sulfurreducens (Fig. 2A and Fig. 2C), indicating that the AQDS present in the 
bioreactors was sufficient to support microbial Fe(III) respiration, and that the supplemental S0 did not 
significantly affect the rate of respiration, making AQDS the primary electron carrier between microbes and 
ferrihydrite under alkaline conditions. 
The concentration of Fe2+ in Fe+AQDS bioreactors at pH 9.0 (Fig. 2A and Fig. 2C) was approximately half of 
that at pH 6.8 for both S. oneidensis and G. sulfurreducens (Fig. 2B and Fig. 2D). It might be explained by the 
lower reaction rate between ferrihydrite and AH2QDS under alkaline conditions since this chemical step is the 
rate-limiting step in the whole process of AQDS-mediated bacterial iron reduction (Jiang and Kappler 2008). 
Fe(III) reduction by AH2QDS at alkaline pH can be constrained thermodynamically since the energy yield of this 
abiotic reaction is getting smaller with increasing pH. Increased adsorption of Fe2+ on the surface of iron 
minerals at high pH might also block Fe(III) reduction (Orsetti et al. 2013). The different pH values (pH =6.8 
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and 9.0) were likely to affect related enzyme activities of the two strains and further their ability to reduce Fe(III) 
as well although S. oneidensis MR-1 grew similarly under neutral and alkaline pH ranges (6.5-6.9 and 8.5-9.0) 
according to Tang et al. (2006). 
In ferrihydrite-only bioreactors, much less Fe2+ was produced at pH 9.0 (0.71 and 0.38 mM for S. oneidensis and 
G. sulfurreducens) (Fig. 2A and Fig. 2C) than at pH 6.8 (2.18 and 2.90 mM for S. oneidensis and G. 
sulfurreducens) (Fig. 2B and Fig. 2D), which is in correspondence with our theoretical calculation. Higher Fe2+ 
was observed in the incubation of S. oneidensis than G. sulfurreducens was likely because of different 
efficiencies of electron shuttles such as flavins secreted by the bacteria. Although both the bacteria were reported 
to be able to release flavins, flavins might not be utilized as equivalently efficient electron shuttles in both cases 
(Marsili et al. 2008; Okamoto et al. 2014). The amount of flavins released from S. oneidensis MR-1 and G. 
sulfurreducens PCA reached 0.1 ~ 0.6 μM and 0.1 μM respectively after 24-hour and 87-hour culture at neutral 
pH (Marsili et al. 2008; Okamoto et al. 2014). It was also reported that alkaliphilic bacteria could release 
riboflavins at pH = ~ 9 and the addition of 100 μM riboflavins raised the rate of ferrihydrite reduction by bacteria 
community in alkaline sediments (pH = ~ 11.8) (Fuller et al. 2014; Williamson et al. 2013). But the 
thermodynamic feasibility of the reduction of flavins (E0’ = -0.21 V) was higher with formate than acetate as an 
electron donor at pH 9.0 (Marsili et al. 2008). Nevertheless, even if electron shuttles like flavins secreted by 
microorganisms played a role in facilitating Fe(III) reduction at pH 9.0, Fe(II) production was much slower in 
the absence than presence of exogenous electron shuttles such as AQDS and S0. The 3.03 mM (and 3.12 mM) of 
Fe2+ produced in Fe+AQDS (and Fe+S0+AQDS) amended treatments at pH 6.8 exceeded the maximum 
theoretical value (2 mM) that can be reduced from the oxidation of 1 mM formate. The extra ca. 1 mM Fe2+ 
production is likely to be associated with the reducing power stored in the harvested cells or scavenging of 
organic redox-active compounds released from cell lysis (Schwarzenbach et al. 2005; Jiang and Kappler 2008). 
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It was reported that, 0.05-0.1 mM Fe2+ was produced in the absence of electron donors at pH 9.0 by the residual 
reducing power of S. oneidensis MR-1 (1×10^8 cells/mL), which is comparable with that of the cells (5×10^8 
cells/mL) in our experiments (Flynn et al. 2014). 
At neutral pH, enzymatic reduction of poorly crystalline Fe(III) (oxyhydr)oxides is thermodynamically favorable, 
and the presence of AQDS can further improve the rate and extent of iron reduction which is accepted widely 
and shown in this study (Fig. 2B and Fig. 2D). Poorly crystalline Fe(III) (oxyhydr)oxides such as ferrihydrire are 
likely to transform into more crystalline minerals and become more difficult to use for microorganisms over time. 
These crystalline Fe(III) containing minerals might be more available for microbial reduction when soluble 
electron shuttles such as quinones are present (Lovley et al. 2000). However, the production of Fe2+ in 
bioreactors containing ferrifydrite and S0 at pH 6.8 was not improved compared to that of ferrihydrite only 
bioreactors (Fig. 2B and Fig. 2D) which is consist with Flynn et al. (2014), indicating that S0 made no difference 
to Fe(III) reduction at neutral pH. 
 
3.3 Ferrihydrite reduction within enriched communities from a soil 
Incubation of enriched bacteria from a soil showed similar results to that of model bacteria. 1.5 folds higher Fe(II) 
was produced in the presence of AQDS than that of S0, which further suggests that AQDS plays a more 
important role in mediating Fe(III) reduction than S0 under alkaline conditions (Fig. 4A). Given that the source 
of S0 is usually the oxidation of sulfide produced through sulfate respiration of sulfate reducing-bacteria (SRB), 
sulfate was amended in some of our bioreactors. We calculated the usable energy for microorganisms released 
from sulfate reduction and the result suggests that microbial sulfate reduction is thermodynamically feasible 
under alkaline conditions (Fig. 1). Fe(III) reduction was accelerated in Fe+SO42- bioreactors compared with 
ferrihydrite-only treatments, consistent with previous findings that sulfate could be reduced to sulfide by sulfate 
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reducing- but not iron reducing- microbes and reoxidized abiotically to elemental sulfur and even sulfate by 
Fe(III) (Saalfield and Bostick 2009). But the extent of Fe2+ in Fe+SO42- bioreactors was similar to that in Fe+S0 
bioreactors at pH 9.0 and near half of that in AQDS-containing bioreactors. These results further confirm that 
AQDS contributes more than sulfur species on mediating Fe(III) (oxyhydr)oxide reduction under alkaline 
conditions. 
 
3.4 Potential role of humic substances in mediating Fe(III) reduction in alkaline environments 
In this study, AQDS was used as a representative for humic substances in terms of redox activity according to 
previous reports (Aulenta et al. 2010). Actually the reduction potential (E0’ = -0.184 V) of AQDS cannot 
represent the wide range of reduction potential of humic substances. It was reported that humic acid has a 
standard reduction potential E0’ in the range of -0.3 to +0.15 V (Aeschbacher et al. 2011). Humic acid quinones 
are the primary electron-accepting units for microbial humic respiration (Scott et al. 1998) and formatotrophic 
and acetotrophic reduction of humic acid quinones to hydroquinones can proceed when E0’ is above ca. -0.25 V 
and -0.21 V under alkaline conditions according to our thermodynamic calculation. These results imply that a 
vast variety of humic substances can be microbially reduced under alkaline conditions like AQDS. 
Although most humic substances components are not as highly soluble or diffusible as AQDS and humic 
substances of low concentration would inhibit iron reduction by absorption on surface of minerals while AQDS 
would not (Wolf et al. 2009), there is still evidence that humic substances can accelerate Fe(III) reduction when 
the dissolved humic substance concentration reaches a minimum of 5-10 mg C/kg, which is not rare in soil 
environments (Aiken et al. 1985; Jiang and Kappler 2008). Despite the fact that AQDS of high concentration is 
toxic for some microorganisms, humic substances have not been reported to have such toxic effect for 
microorganisms (Nevin and Lovley 2000). The strong reversibility and sustainability reflected by numerous 
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cycles between reduced and oxidized state of humic substances in temporarily anoxic systems render humic 
substances efficient electron shuttles mediating microbial iron reduction (Klüpfel et al. 2014). Humic acids, one 
of the main components of humic substance, showed an increased solubility at alkaline pH (Wu et al. 2013). As a 
consequence, alkaline conditions may be conducive to the microbial reduction of humic acids and further humic 
acids-mediated iron reduction. It was reported that the reduction rate and extent of 
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) were increased at high pH increase by AH2QDS (Kwon and 
Finneran 2008). Additionally, it was shown that solid-phase humic substances in wetland sediments can serve as 
electron shuttles to accelerate Fe(III) (oxyhydr)oxide reduction attributed at least partly to quinone moieties. 
Solid-phase electron shuttles must be physically associated with Fe(III) (oxyhydr)oxides, but the solid-phase 
electron-accepting capacity was much higher than the dissolved-phase (Roden et al. 2010). We can speculate that 
the shuttling of humic substances may be a potential driver of extracellular iron reduction under alkaline 
conditions. Some units within dissolved humic substances can chelate Fe(III), raising Fe(III)/Fe(II) reduction 
potential and promoting microbial Fe(III) reduction thermodynamically (Ho et al. 2003), which may potentially 
play a part in particular at alkaline pH since humic material is better soluble at alkaline pH. The distribution of 
alkaline soils is very vast, therefore humic substances-mediated Fe(III) reduction may occupy a considerable 
portion among the different pathways of Fe(III) reduction. But the actual contribution of humic substances to 
mediate Fe(III) reduction in alkaline environments is still required to be explored. 
 
4 Conclusions 
In summary, through the thermodynamic calculation and incubation with both pure and mixed bacteria, we 
demonstrate that microbial iron reduction utilizes a mixed biotic-abiotic pathway mediated by electron shuttles 
such as AQDS and S0 in alkaline environments (Fig. 3). Humic substances analogue AQDS has a higher ability 
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to promote Fe(III) reduction as an electron shuttle than S0 does under alkaline condition. While S0 may be a 
strong contributor for Fe(III) reduction in alkaline environments rich in S0 such as marine sediments, humic 
substances can still potentially be a dominant mediator of Fe(III) reduction in most alkaline environments 
considering the high ability of electron shuttling and vast distribution of humic substances. Microorganisms may 
take different strategies to adapt to shifting environments and the co-occurrence of the ability to reduce Fe(III) 
(oxyhydr)oxides and humic substances allows these microorganisms a competitive advantage in various 
environments across a wide range of pH. This study gives insight in understanding extracellular Fe(III) reduction, 
especially in alkaline environment. 
 
Notes  The authors declare no competing financial interest. 
 
Acknowledgements  This work was financially supported by the State Key Program of Natural Science 
Foundation of China (No. 41430858) and the National Natural Science Foundation of China (No. 41371459). 
 
References 
Aeschbacher M, Vergari D, Schwarzenbach RP, Sander M (2011) Electrochemical analysis of proton and 
electron transfer equilibria of the reducible moieties in humic acids. Environ Sci Technol 45:8385-8394 
Aiken GR, Mcknight DM, Wershaw RL, Maccarthy P (1985) Humic substances in soil, sediment, and water: 
geochemistry, isolation, and characterization. John Wiley & Sons, New York 
Arnold RG, Olson TM, Hoffmann MR (1986) Kinetics and mechanism of dissimilative Fe(III) reduction by 
Pseudomonas sp. 200. Biotechnol Bioeng 28:1657-1671 
Aulenta F, Maio VD, Ferri T, Majone M (2010) The humic acid analogue antraquinone-2,6-disulfonate (AQDS) 
18 
 
serves as an electron shuttle in the electricity-driven microbial dechlorination of trichloroethene to 
cis-dichloroethene. Bioresour Technol 101:9728-9733 
Bethke CM, Sanford RA, Kirk MF, Jin Q, Flynn TM (2011) The thermodynamic ladder in geomicrobiology. Am 
J Sci 311:183-210 
Bickle MJ (2009) Geological carbon storage. Nat Geosci 2:815-818 
Boulegue J (1973) Solubility of elemental sulfur in water at 298 K. Phosphorus Sulfur 5:127-128 
Burke IT, Mortimer RJG, Palaniyandi S, Whittleston RA, Lockwood CL, Ashley DJ, Stewart DI (2012) 
Biogeochemical reduction processes in a hyper-alkaline leachate affected soil profile. Geomicrobiology 
29:769-779 
Chao W, Dong Q, Hao L (2014) Effect of initial pH value on microbial Fe(III) reduction in alkaline and acidic 
paddy soils. Acta Ecol Sin 34:933-942 
Coppi MV, Leang C, Sandler SJ, Lovley DR (2001) Development of a genetic system for Geobacter 
sulfurreducens. Appl Environ Microbiol 67:3180–3187 
Ding LJ, An XL, Li S, Zhang GL, Zhu YG (2014) Nitrogen loss through anaerobic ammonium oxidation 
coupled to iron reduction from paddy soils in a chronosequence. Environ Sci Technol 48:10641-10647 
Donald, L (1997) Aqueous environmental geochemistry. Prentice-Hall, New Jersey 
Flynn TM, O’Loughlin EJ, Mishra B, DiChristina TJ, Kemner KM (2014) Sulfur-mediated electron shuttling 
during bacterial iron reduction. Science 344:1039-1042 
Fuller SJ, McMillan DG, Renz MB, Schmidt M, Burke IT, Stewart DI (2014) Extracellular electron 
transport-mediated Fe(III) reduction by a community of alkaliphilic bacteria that use flavins as electron 
shuttles. Appl Environ Microbiol 80:128-137 
Ho KJ, Liu TK, Huang TS, Lu FJ (2003) Humic acid mediates iron release from ferritin and promotes lipid 
19 
 
peroxidation in vitro: a possible mechanism for humic acid-induced cytotoxicity. Arch Toxicol 77:100-109 
IGBP-DIS (1998) SoilData(V.0) A program for creating global soil-property databases, IGBP Global Soils Data 
Task, France 
Jiang J, Kappler A (2008) Kinetics of microbial and chemical reduction of humic substances: implications for 
electron shuttling. Environ Sci Technol 42:3563-3569 
Jin QS, Bethke CM (2005) Predicting the rate of microbial respiration in geochemical environments. Geochim 
Cosmochim Acta 69:1133-1143 
Jin QS, Bethke CM (2009) Cellular energy conservation and the rate of microbial sulfate reduction. Geology 
37:1027-1030 
Jr CF, Lonergan DJ, Lovley DR, Davis M, Stolz JF, McInerney MJ (1994) Geobacter sulfurreducens sp. nov., a 
hydrogen- and acetate-oxidizing dissimilatory metal-reducing microorganism. Appl Environ Microbiol 
60:3752–3759 
Klüpfel L, Piepenbrock A, Kappler A, Sander M (2014) Humic substances as fully regenerable electron 
acceptors in recurrently anoxic environments. Nat Geosci 7:195-200 
Kwon MJ, Finneran KT (2008) Biotransformation products and mineralization potential for 
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) in abiotic versus biological degradation pathways with 
anthraquinone-2,6-disulfonate (AQDS) and Geobacter metallireducens. Biodegradation 19:705-715 
Köhler I, Konhauser KO, Papineau D, Bekker A, Kappler A (2013) Biological carbon precursor to diagenetic 
siderite with spherical structures in iron formations. Nat Commun 4:216-219 
Lide DR (2012) CRC handboook of chemistry and physics. CRC Press Boca Raton, Florida 
Lies DP, Hernandez ME, Kappler A, Mielke RE, Gralnick JA, Newman DK (2005) Shewanella oneidensis MR-1 
uses overlapping pathways for iron reduction at a distance and by direct contact under conditions relevant 
20 
 
for biofilms. Appl Environ Microbiol 71:4414-4426 
Lohmayer R, Kappler A, Lösekannbehrens T, Planerfriedrich B (2014) Sulfur species as redox partners and 
electron shuttles for ferrihydrite reduction by Sulfurospirillum deleyianum. Appl Environ Microbiol 
80:3141-3149 
Lovley DR, Fraga JL, Coates JD, Blunt-Harris EL (1999) Humics as an electron donor for anaerobic respiration. 
Environ Microbiol Rep 1:89-98 
Lovley DR, Kashefi K, Vargas M, Tor JM, Blunt-Harris EL (2000) Reduction of humic substances and Fe (III) 
by hyperthermophilic microorganisms. Chem Geol 169:289-298 
Majzlan J, Navrotsky A, Schwertmann U (2004) Thermodynamics of iron oxides: part III. Enthalpies of 
formation and stability of ferrihydrite (~Fe(OH)3), schwertmannite (~FeO(OH)3/4(SO4)1/8), and ε-Fe2O3. 
Geochim Cosmochim Acta 2004 68:1049-1059 
Majzlan J (2003) Thermodynamics of Fe oxides: part II. Enthalpies of formation and relative stability of goethite 
(α-FeOOH), lepidocrocite (γ-FeOOH), and maghemite (γ-Fe2O3). Am Minera 88:855-859 
Ma C, Zhuang L, Zhou SG, Yang GQ, Yuan Y, Xu RX (2012) Alkaline extracellular reduction: isolation and 
characterization of an alkaliphilic and halotolerant bacterium, Bacillus pseudofirmus MC02. J Appl 
Microbiol 112: 883-891 
Ma K, Adams MWW (1993) Hydrogenase of the hyperthermophile Pyrococcus furiosus is an elemental sulfur 
reductase or sulfhydrogenase: evidence for a sulfur-reducing hydrogenase ancestor. Proc Natl Acad Sci 
USA 90:5341-5344 
Malcolm E, Sumne RN (1998) Sodic soils: distribution, properties, management, and environmental 
consequences. Oxford University Press, New York 
Marsili E, Baron DB, Shikhare ID, Coursolle D, Gralnick JA, Bond DR (2008) Shewanella secretes flavins that 
21 
 
mediate extracellular electron transfer. Proc Natl Acad Sci USA 105:3968-3973 
Moser DP, Nealson KH (1996) Growth of the facultative anaerobe Shewanella putrefaciens by elemental sulfur 
reduction. Appl Environ Microbiol 62:2100-2105 
Navrotsky A, Mazeina L, Majzlan J (2008) Size-driven structural and thermodynamic complexity in iron oxides. 
Science 319:1635-1638 
Nealson KH, Belz A, Mckee B (2002) Breathing metals as a way of life: geobiology in action. Antonie Van 
Leeuwenhoek 81:215-222 
Nealson KH (1997) Sediment bacteria: who's there, what are they doing, and what's new? Annu Rev Earth Planet 
Sci 25:403-434 
Nevin KP, Lovley DR (2000) Potential for nonenzymatic reduction of Fe(III) via electron shuttling in subsurface 
sediments. Environ Sci Technol 34:2472-2478 
Okamoto A, Saito K, Inoue K, Nealson KH, Hashimoto K. Nakamura R (2014) Uptake of self-secreted flavins as 
bound cofactors for extracellular electron transfer in Geobacter species. Energy Environ Sci 7:1357-1361 
Orsetti S, Laskov C, Haderlein SB (2013) Electron transfer between iron minerals and quinones: estimating the 
reduction potential of the Fe(II)-goethite surface from AQDS speciation. Environ Sci Technol 
47:14161-14168 
Piepenbrock A, Kappler A (2013) Humic substances and extracellular electron transfer. In: Microbial metal 
respiration. Springer, Berlin Heidelberg, pp 107-128 
Rabus R, Hansen TA, Widdel F (2013) Dissimilatory sulfate- and sulfur-reducing prokaryotes. 2:659-768 
Roden EE, Kappler A, Bauer I, Jiang J, Paul A, Stoesser R, Konishi H, Xu HF (2010) Extracellular electron 
transfer through microbial reduction of solid-phase humic substances. Nat Geosci 3:417-421 
Saalfield SL, Bostick BC (2009) Changes in iron, sulfur, and arsenic speciation associated with bacterial sulfate 
22 
 
reduction in ferrihydrite-rich systems. Environ Sci Technol 43:8787-8793 
Schauder R, Kröger A (1993) Bacterial sulphur respiration. Arch Microbiol 159:491-497 
Schwarzenbach RP, Gschwend PM, Imboden DM (2005) Chemical trasformations II: redox reactions. In: 
Environmental organic chemistry. John Wiley & Sons, Hoboken, pp 556-557 
Schwertmann U, Cornell RM (2000) Ferrihydrite. In: Iron oxides in the laboratory: preparation and 
characterization. WILEY-VCH, New York, pp 103-112 
Scott DT, Mcknight DM, Blunt-Harris EL, Kolesar SE, Lovley DR (1998) Quinone moieties act as electron 
acceptors in the reduction of humic substances by humics-reducing microorganisms. Environ Sci Technol 
32:372-372 
Stookey LL (1970) Ferrozine—a new spectrophotometric reagent for iron. Anal Chem 42:779-781 
Straub KL, Schink B (2003) Evaluation of electron-shuttling compounds in microbial ferric iron reduction. 
FEMS Microbiol Lett 220:229-233 
Stumm W, Morgan JJ (1996) Aquatic chemistry: chemical equilibria and rates in natural waters. 
Wiley-Interscience, New York 
Tang YJ, Laidlaw D, Gani K, Keasling JD (2006) Evaluation of the effects of various culture conditions on Cr 
(VI) reduction by Shewanella oneidensis MR-1 in a novel high-throughput mini-bioreactor. Biotechnol 
Bioeng 95:176-184 
Thauer RK, Jungermann K, Decker K (1977) Energy conservation in chemotrophic anaerobic bacteria. Bacteriol 
Rev 4:100-180 
Thorpe CL, Morris K, Boothman C, Lloyd JR (2012) Alkaline Fe (III) reduction by a novel alkali-tolerant 
Serratia sp. isolated from surface sediments close to Sellafield nuclear facility, UK. FEMS Microbiol Lett 
327:87-92 
23 
 
Voordeckers JW, Kim BC, Izallalen M, Lovley DR (2010) Role of Geobacter sulfurreducens outer surface c-type 
cytochromes in reduction of soil humic acid and anthraquinone-2,6-disulfonate. Appl Environ Microbiol 
76:2371-2315 
Wang HD, White GN (1993) Ferrihydrite, lepidocrocite, and goethite in coatings from East Texas vertic soils. 
Soil Sci Soc Am J 57:1381-1386 
Wang XJ, Jing Y, Chen XP, Sun GX, Zhu YG (2009) Phylogenetic diversity of dissimilatory ferric iron reducers 
in paddy soil of Hunan, South China. J Soils Sediments 9:568-577 
Williamson AJ, Morris K, Law GT, Rizoulis A, Charnock JM, Lloyd JR (2014) Microbial reduction of U(VI) 
under alkaline conditions: implications for radioactive waste geodisposal. Environ Sci Technol 48: 
13549-13556 
Williamson AJ, Morris K, Shaw S, Byrne JM, Boothman C, Lloyd JR (2013) Microbial reduction of Fe(III) 
under alkaline conditions relevant to geological disposal. Appl Environ Microbiol 79: 3320-3326 
Wolf M, Kappler A, Jiang J, Meckenstock RU (2009) Effects of humic substances and quinones at low 
concentrations on ferrihydrite reduction by Geobacter metallireducens. Environ Sci Technol 43:5679–5685 
Wu CY, Zhuang L, Zhou SG, Yuan Y, Yuan T, Li FB (2013) Humic substance-mediated reduction of iron(III) 
oxides and degradation of 2,4-D by an alkaliphilic bacterium, Corynebacterium humireducens MFC-5. 
Microb Biotechnol 6:141–149 
Yuan HY, Ding LJ, Wang N, Chen SC, Deng Y, Li XM, Zhu YG (2016) Geographic distance and amorphous 
iron affect the abundance and distribution of Geobacteraceae in paddy soils in China. J Soils Sediments 
16:2657-2665 
Zavarzina DG, Kolganova TV, Boulygina ES, Kostrikina NA, Tourova TP, Zavarzin GA (2006) Geoalkalibacter 
ferrihydriticus gen. nov. sp. nov., the first alkaliphilic representative of the family Geobacteraceae, isolated 
24 
 
from a soda lake. Microbiol 75:673-682 
  
25 
 
Figure captions 
Fig. 1 The change of usable energy ∆GU for microorganisms liberated from redox reactions with Fe(III) 
(oxyhydr)oxides (ferrihydrite and goethite), sulfur species (S0 and SO42-) or AQDS as an electron acceptor, and 
formate (A) or acetate (B) as an electron donor with pH in a hypothesized anoxic environment. A reaction 
catalyzed by microorganisms can proceed only when its ∆GU is higher than 0 kJ/mol denoted by the dashed line 
 
Fig. 2  Total Fe2+ production in bioreactors incubated of S. oneidensis MR-1 with 1 mM formate (A and B), G. 
sulfurreducens PCA with 1 mM acetate (C and D) at pH 9.0 or 6.8 amended with (1) ferrihydrite only (Fe); (2) 
ferrihydrite and S0 (Fe+S0); (3) ferrihydrite and AQDS (Fe+AQDS); (4) ferrihydrite and S0 and AQDS 
(Fe+S0+AQDS) during 9 days. Error bars represent standard deviations of triplicate bioreactors 
 
Fig. 3  Proposed model for AQDS and S0 mediated Fe(III) reduction under alkaline conditions. The arrows in 
royal and magenta represent the processes of Fe(III) reduction mediated by AQDS and S0 respectively. The red 
arrows represent the process of direct enzymatic reduction of Fe(III) which is difficult to happen under alkaline 
conditions. Thickness of the arrow denotes the contribution of each pathway 
 
Fig. 4 Total Fe2+ production in bioreactors incubated of soil inoculum with 1 mM acetate  at pH 9.0 or 6.8 (A 
and B) amended with (1) ferrihydrite only (Fe); (2) ferrihydrite and S0 (Fe+S0); (3) ferrihydrite and AQDS 
(Fe+AQDS); (4) ferrihydrite and S0 and AQDS (Fe+S0+AQDS); (5) ferrihydrite and Na2SO4 (Fe+SO42-); (6) 
ferrihydrite and Na2SO4 and AQDS (Fe+SO42-+AQDS) during 9 days. Error bars represent standard deviations of 
triplicate bioreactors. 
 
